The pattern of axonal terminations of individual premotoneuronal medium lead burst neurons (MLBs) has been elucidated with the help of the intraaxonai recording and horseradish peroxidase injection technique in alert behaving monkeys. These findings indicate that individual MLBs do not influence individual muscles; instead they influence groups of muscles. Horizontal medium lead burst neurons (EBNs) project to ipsilateral lateral rectus motoneurons directly, and could contact contralateral medial rectus motoneurons indirectly, through the internuclear neurons of the ipsilateral abducens nucleus. Also, upward MLBs project to motoneurons innervating both the superior rectus and the inferior obfique muscles of both eyes. Finally, downward MLBs project to ipsilateral motoneurons innervating the ipsilateral inferior rectus muscle and the contralateral superior oblique muscle. All in all, the pattern of oculomotor terminations of MLBs provides experimental support for Hering's law of equal innervation. EBNs also project to the nucleus prepositus hypoglossi while vertical MLBs also project to the interstitial nucleus of Cajal (NIC). These structures are thought to participate in the process of "velocity to position integration", in the horizontal and vertical planes respectively. Intraceilular recording from individual neurons of the NIC in alert behaving monkeys followed by biocytin or horseradish peroxidase injections demonstrates that their axons pass through the posterior commissure on their way to vertical extraocular motoneurons. It also demonstrates that these fibers carry a phasic signal related to saccades and a tonic signal related to eye position in a precise quantitative manner. Work is in progress to determine whether their pattern of oculomotor terminations is also appropriate for Hering's law.
INTRODUCTION
Many classes of eye movements are said to be conjugate in the sense that they displace both eyes in the same direction and by the same amount. Hering was the first to propose a mechanism that could account this phenomenon, in the form of a law that bears his name (Hering, 1868) . He postulated that the eyes move in a conjugate fashion because they receive equal innervation. It is around this statement that much of Hering's book, entitled The theory of binocular vision, is organized. This work was published in 1868, and contains an extensive critique of Helmholtz whose third volume of the Treatise on physiological optics had appeared just one year before. That the law of equal innervation would be part of the Hering-Helmholtz debate, and that this debate would continue to this day, seems puzzling. If the two eyes are identical, they obviously need the same amount of force in order to move by the same amount, and therefore the law is a tautology. Conversely, if the two eyes are not identical (an eminently reasonable guess given the hazardous nature of life) they must receive different innervation if they are to move in a similar fashion, and therefore the law is prima facie false. So what is all the fuss about?
When Hering proposed his law, he attached two corollaries to it: (1) the basis for equal innervation is anatomical; (2) this anatomical basis is innate. This places the law of equal innervation within the nature-nurture controversy [for a comprehensive account of the Hering-Helmholtz controversy, readers are encouraged to consult Turner (1994) ]. Helmholtz wanted the similar movements of the two eyes to be the result of learning (Helmholtz, 1910) . Accordingly, no innate properties (he called them contrivances) of the brain, be they organic, biological, physiological or anatomical would be needed for conjugate eye movements to occur. In contrast, Hering revived Mfiller's notion that whenever one eye moves voluntarily, the other also has to move due to the existence of an inborn "coordination". Actually, he thought that "coordination is the greatest among the unpracticed and the purpose of practice and education of muscle movements is to learn to isolate single groups of fibers" (MfiUer, 1840), a notion that Nicolas Bernstein (1967) would again revive in our century in the form of a general theory of motor control. Although Hering's law is about innervation patterns and not eye movements, Helmholtz, Hering, and several generations of oculomotor researchers thereafter tried to evaluate its validity by examining the relative size of the saccades executed by the two eyes in a variety of circumstances (e.g. Viirre, Cadera & Vilis, 1987; Gamlin, Gnadt & Mays, 1989; Snow, Hore & Vilis, 1985; Henson & Dharamshi, 1982; Enright, 1992; Collewijn, Erkelens & Steinman, 1988a,b ). Hering's law per se and its two corollaries have received much less attention. Together with Scudder and Highstein, I attempted to evaluate the truth content of the first corollary of Hering's law (i.e. the one postulating the existence of an anatomical substrate for the law of equal innervation). To this end we used the technique of intraaxonal recording and tracer injection which allowed us to both study a neuron's activity in the alert animal and visualize its anatomical connections [detailed descriptions of the experimental techniques we employed can be found in Moschovakis, Karabelas and Highstein (1988) ]. The choice of neurons to be studied in this manner (saccade related ones) was dictated by the fact that the saccadic system is one of the best (if not the best) understood neural network controlling movement in the mammalian brain. Here I will summarize some of the relevant features of these cells which have been slowly revealed during the past 10 years. three groups of MLBs in each side of the brain. Figure 1 illustrates the on-directions of MLBs in the left side of the brain, as summarized in a recent review . As shown here, MLBs can be divided into (i) leftward (EBNs, stripped), (ii) upward (UMLBs, solid), and (iii) downward (DMLBs, stippled). Although some scatter is present, the average on-direction for each MLB population is not statistically different from horizontal ipsiversive [EBNs (Strassman, Highstein & McCrea, 1986a) ], vertical up [UMLBs (Moschovakis, Scudder & Highstein, 1991a) ], and vertical down [DMLBs (Moschovakis, Scudder, Highstein & Warren, 1991b) ] respectively. For example, the on-directions of DMLBs vary between 221 and 300 deg, but the average on-direction for the population is equal to 264 deg (SD = 21 deg; Moschovakis et al., 1991b) .
Parameters of MLB discharge are good predictors of saccade metrics. Firstly, the number of spikes in MLB bursts (Nb) is well correlated with the size of saccadic components (AE) in a cell's on-direction through expressions of the form Nb = ~AE + ft. In general, correlation coefficients for this relationship are highly significant. For example, average correlation coefficients of 0.74 + 0.12 and 0.78 + 0.12 have been reported for populations of vertical (Hepp, Henn, Vilis & Cohen, 1989) and horizontal (Strassman et al., 1986a) MLBs respectively. All premotoneuronal MLBs behave in a similar manner. However, the constants of proportionality (~) and (fl) vary for different neurons, as shown in Fig. 2 (A) for 14 UMLBs. On the average, the sensitivity (~) is somewhat higher than 1 spike/deg [EBNs, 2 + 1.0 spikes/deg of on-direction eye displacement (Strassman et al., 1986a) ; DMLBs, 1.2 + 0.8 spikes/deg (Moschovakis et al., 1991b) ; UMLBs, 1.6 + 1.1spikes/ deg (Moschovakis et al., 1991a) ]. Secondly, the duration of MLB bursts (Bd), is linearly related with the duration
ANATOMICAL PROJECTIONS OF THE BURST GENERATORS
Mammalian extraocular motoneurons (MNs) display a characteristic burst-tonic discharge pattern in alert animals exploring their environment (Robinson, 1970) . Their bursts commence shortly before saccades; when the saccade is over, their discharge settles into a tonic pattern that is proportional to the new eye position reached at the end of the saccade. Depending on the direction of the movement, one or more MN pools display this characteristic pattern and each one conveys it over a different nerve to an extraocular muscle. The pulse-step pattern of MN activity is due to the discharge of several cell types, that collectively comprise the saccadic system. Here, I will concentrate on elements of the immediately premotoneuronal portion of this circuit, namely the excitatory medium lead burst neurons (MLBs). These are cells which burst for saccades and are silent during intersaccadic intervals. They are called MLBs because their bursts precede those of MNs (short lead cells) but follow the bursts of long lead neurons. Depending on the direction of the movement they prefer, one can define of saccades (Sd). Here again, the constants of proportionality (~) and (fl) vary for different neurons, as shown in Fig. 2 (B) for 29 DMLBs. On the average, the slopes of the linear expressions Bd = eSd + fl fit to the data, are equal to about 1 [EBNs, 1.14 (Strassman et al., 1986a) ; UMLBs, 1.15 (Moschovakis et al., 1991a) ; DMLBs, 1.1 (Moschovakis et al., 1991b) ]. These relationships are part of the reason for thinking that MLBs are causally relevant for saccades [although this is not a full proof argument as demonstrated by the existence of feedback MLBs (Moschovakis et al., 1991a,b) ]. There is a second reason. Most MLBs project directly to MN pools. The abducens nucleus is not a homogeneous structure. Besides LR MNs, it contains cells that project to the MR subdivision of the contralateral oculomotor nucleus, and are for this reason called abducens internuclear neurons [VI INs (Baker & Highstein, 1975; Highstein & Baker, 1978) ]. The morphological and physiological features of identified VI INs have been studied by Highstein, Karabelas, Baker and McCrea (1982) and McCrea, Strassman and Highstein (1986) . Examples of feline (A) and primate (B) VI INs are illustrated in Fig. 4 . Their discharge pattern is similar to that of LR MNs (Fuchs, Scudder & Kaneko, 1988; Delgado-Garcia, del Pozo & Baker, 1986a,b) . The bursts that one monkey VI IN emits for ipsilateral saccades, its pauses for contralateral saccades, and its tonic (eye position related) activity during intersaccadic intervals are illustrated in Fig. 4 (inset). It is in terms of the trajectory and connections of their axons that VI INs differ radically from LR MNs. Axons of LR MNs course with the sixth cranial nerve to innervate the ipsilateral LR extraocular muscle (Spencer & Sterling, 1977) . In contrast, axons originating from VI INs cross to the opposite side, to enter the contralateral MLF [ Fig. 4 (A)] and ascend with it to the oculomotor nucleus. It is damage of these fibers, that causes the syndrome of internuclear ophthalmoplegia (impairment of adduction on the side of the lesion, while abduction and vergence remain unaffected) both in human patients (Cogan, 1970) and animal preparations (Bender & Weinstein, 1944; Carpenter & Strominger, R FIGURE 3. Horizontal map of the dorsal projections of EBNs.
[Adapted from Moschovakis and Highstein (1994) 1965; Evinger, Fuchs & Baker, 1977; Gamlin et al., 1989) . Some of the terminal fields, deployed by a typical VI IN which was intraaxonally injected with horseradish peroxidase (HRP) in the alert monkey, are illustrated in Fig. 4(B) . As shown here, they overlie the contralateral MR subdivision of the oculomotor nucleus (McCrea et al., 1986) . Since EBNs do not project to both LR and MR MNs, to prove that Hering's law holds in the horizontal system one would need to show that they project to both LR MNs and VI INs. Presently available evidence falls short of this goal; to my knowledge the only existing relevant piece of evidence consists of intracellular records obtained from VI INs, which display monosynaptic excitatory postsynaptic potentials in response to the electrical stimulation of the EBN area (Highstein, Maekawa, Steinacker & Cohen, 1976) . Internuclear neurons of the oculomotor nucleus (OIN) could also help establish horizontal eye conjugacy (Clendaniel & Mays, 1994) through longer loops (e.g. EBN~VI IN~OIN~LR MN). Unfortunately, little is known about the properties and input output connections of these cells.
IS eye conjugacy during vertical saccades established in a similar manner? To examine whether this is the case, Scudder, Highstein and I recorded intraaxonally from single axons of vertical MLBs in alert monkeys who moved their eyes around, and then injected the same cells with a tracer (HRP). Figure 5 provides a complete reconstruction of the axonal system of a DMLB (Moschovakis et al., 1991b) . The soma of this cell is located in a well demarcated region of the rostral mesencephalon [ Fig. 5(A) ], which has been named rostral interstitial nucleus of the medial longitudinal fasciculus (riMLF) by Biittner-Ennever and Biittner (1978) . Lesions of this region cause the syndrome of Parinaud (paralysis of downward and/or upward gaze) in both human patients and animal preparations (Schaeffer & Bertrand, 1933; Bender, 1980; Jacobs, Anderson & Bender, 1973; K6mpf, Pasik, Pasik & Bender, 1979; Nashold & Gills, 1967; Biittner-Ennever, Biittner, Cohen & Baumgartner, 1982) .
Axons of DMLBs and UMLBs course caudally through the riMLF, the nucleus of Cajal (NIC) and the MLF (Moschovakis et al., 1991a,b) . They project to few nuclei but often with remarkable persistence. For example, the axon of the DMLB illustrated in Fig. 5 , first supplies the NIC and the inferior rectus (IR) subdivision of the oculomotor complex with several hundreds of terminals, then runs caudally to deploy terminals inside the trochlear nucleus and then it turns rostrally to resupply the IR MN pool. It is these dense oculomotor terminations of vertical MLBs that are of particular relevance to the present discussion. Do they provide an anatomical substrate for Hering's law, or not? The pattern of termination inside the oculomotor complex has been determined for a large sample of single identified vertical MLBs [6 UMLBs and 17 DMLBs (Moschovakis et al., 1991a,b) ]. Examples are illustrated in Fig. 6 . As shown here, each individual vertical MLB does not influence one muscle but instead at least two different ones, simultaneously. More specifically, terminal fields of UMLBs (Fig. 6, blue) are distributed within the territories of the superior rectus and the inferior oblique (IO) MNs in both sides of the brain. Similarly, the terminal fields of DMLBs (Fig. 6, red) are preferentially distributed within the territories occupied by MNs supplying the IR muscle of the ipsilateral eye and the superior oblique muscle of the contralateral eye.
To conclude, the output of the vertical burst generators is distributed to MN pools innervating both members of yoked muscle pairs acting on the two eyes (Moschovakis, Scudder & Highstein, 1990) , thus providing an anatomical substrate for Hering's law of equal innervation during vertical saccades. The same could be true of the horizontal burst generators if EBNs were shown to contact both the MNs and the INs located in one abducens nucleus. The major difference between the vertical and horizontal systems would thus concern the immediacy with which the vertical and horizontal burst generator output is distributed to extraocular MNs. UMLBs and DMLBs contact MNs supplying yoked muscles of the two eyes directly. In contrast, EBNs would supply ipsilateral LR MNs, directly and contralateral MR MNs indirectly (through the VI INs). This difference could be responsible for the fact that vertical saccades are more strictly conjugate (Collewijn et al., 1988b) than horizontal ones (Collewijn et al., 1988a) .
CONNECTIONS TO AND FROM THE NEURAL

INTEGRATORS
For saccadic eye movements to be executed, relevant oculomotoneurons must be supplied with a tonic intersaccadic signal, proportional to eye position, in addition to the phasic presaccadic signal related to eye displacement (provided directly by the excitatory MLBs). The former (tonic) can be extracted from the latter (phasic) with the help of a process akin to integration (in the mathematical sense). The cell assemblies implementing this process are thought to reside in the prepositus hypoglossi and the NIC for the horizontal and vertical system respectively (Fukushima, Kaneko & Fuchs, 1992) .
To function in the manner expected of them, the neural integrators must receive input from the burst generators. Evidence consistent with the existence of connections between the horizontal burst generator and the horizontal velocity to position integrator is illustrated in Fig. 3 . As shown here, single EBNs deploy terminal arborizations in the nucleus prepositus (Strassman, Highstein & McCrea, 1986b) . Similarly, as shown in Fig. 6 , both UMLBs and DMLBs, deploy terminal fields within the NIC (Moschovakis et al., 1991a,b) .
In addition, the neural integrators must establish connections onto extraocular MNs. Indeed, neurons of the prepositus nucleus which discharge in proportion to eye position send their axons towards the abducens nucleus (Escudero, de la Cruz & Delgado-Garcia, 1992 ). Attempts to demonstrate a projection from the NIC (the presumed site of the vertical velocity to position integrators) to vertical extraocular MNs have a long history. Older efforts to obtain relevant evidence involved electrical lesion or stimulation of the NIC to visualize degenerating fibers into the oculomotor nucleus (Carpenter, Harbison & Peter, 1970) , or record PSPs intracellularly from vertical extraocular MNs (Schwindt, Precht & Richter, 1974) . Since fibers originating elsewhere (e.g. from UMLBs and DMLBs) also course through the NIC, there is no reason to think that fibers traced to the oculomotor complex following lesions of the NIC originate from NIC cells. Similarly, there is no reason to think that the EPSPs and IPSPs which have been recorded intracellularly from trochlear MNs in response to the electrical stimulation of the NIC (Schwindt et al., 1974) are due to activation of fibers originating from NIC 
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..,,-.. Time (s) FIGURE 7. Discharge pattern of the NIC neuron illustrated in Fig. 9 .
Traces from top to bottom illustrate vertical (V) and horizontal (H) instantaneous eye position, and instantaneous firing rate (f).
neurons. Recent results provide more confidence in the existence of connections between the NIC and vertical MNs. Transynaptically labeled neurons have been recovered in the NIC after retrograde transport of tetanus toxin injected into the IO and IR muscles of the rabbit (Horn & Butther-Ennever, 1990) . Which are the neurons of the NIC that project to the oculomotor complex, what signals do they carry and which are their targets? To answer these questions, Scudder, Highstein and I recorded intraaxonally from single output fibers of the NIC in alert behaving monkeys to functionally identify them and then we injected them with a tracer (HRP or biocytin). Figure 7 illustrates the discharge pattern of one such neuron. It displays a burst-tonic discharge pattern, with tonic intersaccadic activity, pauses for upward saccades, and bursts for downward saccades, whether rightward (third and fifth saccade), leftward (last saccade), or purely downward (sixth saccade).
Bursts preceded saccades by 5.74 _+ 4.4 msec (mean_+ SD).
A plot [ Fig. 8(A) ] of the same cell's mean firing rate during intersaccadic intervals 0Ca; ordinate) as a function of the mean vertical position of the eyes (V; abscissa) during the same interval demonstrates an excellent linear relationship between the two variables which obeys the expressionfR = --5.5 V + 173 (r = 0.94). In contrast, the firing rate of this cell is weakly correlated (if at all) with the mean horizontal position that the eyes occupied between saccades [right inset of Fig. 8(A) ; r = 0.53]. Since the NIC is known to contain both "regularly" and "irregularly" discharging neurons (King, Fuchs & Magnin, 1981) , the regularity of discharge of this cell was evaluated during the same intersaccadic intervals. To this end, the coefficient of variation (CV) of interspike intervals was computed for different intersaccadic intervals. As shown in the left inset of Fig. 8(A) , the SD A. K. MOSCHOVAKIS of this neuron's interspike intervals increased in proportion to the mean interspike interval. For this reason, the CV of this neuron was evaluated at zero vertical eye position and was found equal to 0.04, thus indicating its regular discharge in between saccades. To examine whether parameters of its bursts are related to parameters of saccades, the number of spikes in the burst (Nb; ordinate) was plotted against the size of the downward component of saccades (A V; abscissa). The excellent linear relationship between the two variables [ Fig. 8(B) ], obeys the expression Nb = --1.3AV + 9.8 Figure 9 illustrates a frontal reconstruction of the neuron's proximal axonal system. As shown here, the axon of this cell originates from a small triangular cell body (arrow) located in the ventral half of the NIC. It turns dorsally to exit the NIC, curves around the ipsilateral periaqueductal gray and crosses the midline with the posterior commissure. Then, it turns ventrally, to curve around the periaqueductal gray of the opposite side and enter the contralateral NIC where it bifurcates for the first time. To examine whether the integrity of these fibers is crucial for normal velocity to position integration in the vertical plane, Partsalis, Highstein and I lesioned the posterior commissure (Partsalis, Highstein & Moschovakis, 1994) . We observed that lesions of this well known fiber bundle disable the vertical neural integrator as attested by the fact that the eyes can no longer be held at eccentric vertical eye positions (up or down) as well as the fact that the gain of the vertical sinusoidal VOR is reduced and its phase advanced (particularly at lower stimulation frequencies). Work is in progress to determine whether the pattern of terminations of NIC neurons projecting to the oculomotor complex through the posterior commissure is similar to that ofpremotoneuronal VMLBs or not.
CONCLUSIONS
Presently available evidence indicates that the output of the burst generators is distributed to extraocular MNs in such a way that at least two different synergistic muscles (one in each eye) are simultaneously influenced by individual output cells of the burst generators. This is so despite the fact that projections of UMLBs to the oculomotor complex are bilateral, those of DMLBs mainly unilateral, while those of EBNs concern only the ipsilateral abducens nucleus. These findings provide experimental support for the first corollary of Hering's law of equal innervation, i.e. the notion that the eyes move in a conjugate fashion because of the existence of appropriate anatomical connections in the brain.
However, a lot of work needs to be done before a complete mechanistic account of eye conjugacy becomes available. For example, besides that of the burst generators, the output of the neural integrators must be appropriately distributed to extraocular MNs for the eyes to move in a conjugate fashion. With the recent discovery of neurons at the output stage of the neural integrators the pattern of connections they establish onto extraocular MNs can now be examined. Furthermore, the second corollary of Hering's law, i.e. the notion that its anatomical substrate is innate, remains conjectural. Finally, as Hering himself was all too eager to admit, his law does not undermine the notion that "the entire motor system of the our body is apparently modifiable by experience" (Hering, 1868) . Actually, simple procedures (e.g. patching one eye) are known to affect the relative size of saccades executed by the two eyes (Viirre et al., 1987) . This is presumably due to a recalibration of the synaptic efficacy of connections within the saccadic system. A multitude of factors, some of them presynaptic (e.g. amount of transmitter released), some postsynaptic (e.g. membrane resistivity and capacitance) and some due to the interaction between presynaptic and postsynaptic phenomena (e.g. synaptic density) are thought to underlie alterations in the efficacy of synaptic transmission between neurons (Burke, Fleshman & Segev, 1988) . Any or all of these could be involved in the alteration of the input-output relations which underlie the plasticity of the saccadic system. It is hoped that with the use of proper methodology these questions can at long last be answered.
